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The Ising triangular lattice remains the classic test-case for frustrated magnetism. Here we
report neutron scattering measurements of short range magnetic order in CuMnO2, which consists
of a distorted lattice of Mn3+ spins with single-ion anisotropy. Physical property measurements on
CuMnO2 are consistent with 1D correlations caused by anisotropic orbital occupation. However
the diffuse magnetic neutron scattering seen in powder measurements has previously been fitted by
2D Warren-type correlations. Using neutron spectroscopy, we show that paramagnetic fluctuations
persist up to ∼25 meV above TN= 65 K. This is comparable to the incident energy of typical
diffractometers, and results in a smearing of the energy integrated signal, which hence cannot be
analysed in the quasi-static approximation. We use low energy XYZ polarised neutron scattering
to extract the purely magnetic (quasi)-static signal. This is fitted by reverse Monte Carlo analysis,
which reveals that two directions in the triangular layers are perfectly frustrated in the classical
spin-liquid phase at 75 K. Strong antiferromagnetic correlations are only found along the b-axis, and
our results hence unify the pictures seen by neutron scattering and macroscopic physical property
measurements.
PACS numbers: 64.60.Cn, 61.05.C
INTRODUCTION
The delafossite family of triangular lattice ABO2 mate-
rials (where A is Cu, Ag, Pd, and B is a transition metal)
are a fertile source of interesting physics. The magnetic
properties of these materials are highly influenced by the
choice of transition metal, for example V3+ compounds
show interesting orbital physics [1] and Cr3+ compounds
are excellent 2D Heisenberg or XY model magnets [2].
Furthermore, the choice of B-site cation also sensitively
controls the electronic and lattice properties. For exam-
ple, materials with A = Pd are often metallic [3] and in
closely related Na0.7CoO2, sodium ordering transitions
strongly influence the transport properties of the CoO2
layer [4]. Particularly strong coupling between magnetic
and lattice degrees of freedom is found in delafossites
with Ising single ion anisotropy, the best known exam-
ple of which is CuFeO2. In this compound, a structural
phase transition which breaks the rhombohedral parent
symmetry precedes [5] magnetic order at low tempera-
ture [6]. Further evidence for Ising character comes from
the wealth of complex magnetic structures generated by
applied magnetic fields, and gapped spin wave excita-
tions. Recently, another family of Ising triangular lattice
compounds related to the delafossites has attracted at-
tention [7, 8] . In NaMnO2 and CuMnO2, an anisotropic
triangular lattice is found at room temperature due to
Mn3+ orbital order (see Fig. 1a). The interaction along
the short direction in the triangular lattice (J1 in Fig.
1b) is strongly antiferromagnetic due to direct exchange,
whereas the superexchange interactions between chains
(J2) are thought to be weaker as the bond angles (∼97 ◦
) are close to the FM-AFM crossover region. The most
obvious experimental manifestation of this effect is the
magnetic susceptibility, which shows a very large hump
at ∼90 K attributed to low dimensional correlations [9].
The magnetic correlations in these materials hence show
lower dimensionality than the crystal structure. This is
a familiar scenario in frustrated magnetic materials e.g.
Cs2CuCl4, shows rather anisotropic 2D behaviour, de-
spite the nearly symmetric Cu triangular lattice [10].
Varying models have been used to interpret mag-
netic neutron scattering data on these materials. For
NaMnO2, Stock et al used the single mode approxima-
tion with J1=73 K to analyse powder inelastic data [11].
The 1D nature of the excitations was recently con-
firmed by single crystal measurements [12]. In contrast,
CuMnO2 has been more commonly discussed in a 2D
picture. For example, an intense asymmetric peak of
magnetic origin has been reported above TN in at least
three neutron powder diffraction experiments [9, 13, 14].
This has been fitted using a so-called Warren function,
and a 2D correlation length extracted. A 3 meV feature
related to 2D spin-liquid fluctuations is also said to co-
exist with magnetic order at low temperature [14]. Very
recently, the magnetic pair distribution function (mPDF)
method has also been applied to both materials [15]. This
method detected short-range magnetic order above TN ,
however, the correlation lengths were modelled assuming
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2FIG. 1: (color online) (a) Crystal structure [16] of monoclinic
CuMnO2, the MnO6 octahedra are shown in blue, and inter-
layer Cu+ cations are shown ; (b) Principle magnetic exchange
interactions in the triangular layers of monoclinic (paramag-
netic) CuMnO2. Blue spheres are Mn
3+ cations, with the
magnetic structure found below 65 K shown with black ar-
rows. Thin red lines show the Mn-O bonds.
3D spherical domains.
As we discuss in more detail below, analysing diffuse
scattering from energy integrated measurements requires
that the quasi-static approximation holds. That is to
say, the incident probe energy (Ei) must significantly
exceed the bandwidth of the excitations (∆E). Here we
directly measure the latter quantity using thermal neu-
tron spectroscopy, before applying cold XYZ polarised
diffuse scattering to measure the (quasi)-elastic infinite
time spin-spin correlations. Our results reveal that: 1) A
broad inelastic magnetic signal is found above TN , which
extends up to at least 25 meV; 2) This energy scale is
comparable to the Ei used for most energy integrated
measurements in the literature, thus distorting the shape
of the diffuse signal; 3) The elastic diffuse scattering sig-
nal is poorly fitted by 2D expressions, and we report
reverse Monte Carlo simulations that confirm largely 1D
spin correlations; 4) Our cold neutron measurements de-
tect no evidence for a low energy (< 3.47 meV) diffuse
component that co-exists with the magnetic Bragg peaks.
EXPERIMENTAL
Our powder sample of CuMnO2 was synthesised from
Cu powder (Sigma Aldrich 99.999%) and MnO2 (Sigma
Aldrich 99.99%), which were pelleted and heated in
a sealed, evacuated silica tube at 960 ◦C for 3 x 12
hours with intermediate regrinds. Laboratory X-ray
diffraction revealed a highly crystalline product with the
C2/m structure previously reported. We used a variety
of angle-dispersive neutron scattering instrumentation
to characterise the structure and dynamics. These
were the powder diffractometer E9 at the (then) Hahn-
Meitner Institute, Berlin, Germany, the time of flight
spectrometer IN4c, and the diffuse polarised spectrom-
eter [17, 18] D7 (both at the Institut Laue Langevin,
Grenoble, France). We detected no evidence for antisite
disorder by Rietveld refinement against the E9 data, and
refined cell parameters, coordinates etc were comparable
to literature reports. In all cases, Orange He flow
cryostats were used for temperature control, and the
sample was held in a vanadium container on E9, and
Al cans on IN4c and D7. A background measurement
of the empty can was made and subtracted from the
final data on the latter two instruments. Standard data
reduction routines in lamp were used for the IN4c and
D7 experiments.
A neutron detector at fixed angle counts both elastically
and inelastically scattered neutrons. However, the tra-
jectory traced through momentum and energy transfer
space, S(Q,ω) is curved. This can therefore distort an
inelastic diffuse signal unless the incident energy, Ei far
exceeds the energy scale of the fluctuations responsible.
On IN4, time of flight resolution is used to correct this
effect. To calculate the S(Q,ω) space integrated over
by E9 and D7 (in diffraction mode), we the reported
detector bank angles and the kinematic condition below:
~Q2
2m
= Ei + Ef − 2
√
EiEf cos 2θ (1)
Here θ is the detector angle, Ei and Ef are the inci-
dent/final energies, and m is the mass of the neutron.
The incident wavelengths (energies) used for the three
instruments were: E9, 1.797 A˚ (25 meV); IN4c, 1.1
A˚ (68 meV); D7, 4.855 A˚ (3.47 meV). On E9, data
were collected in 15 K steps from 1.5 to 300 K. At
lower temperatures (< 67 K), our sample showed the
same triclinic structural distortion and magnetic order
as reported elsewhere [9, 13, 14]. A strong diffuse
magnetic feature is seen even at room temperature. In
3several other works, this was fitted using the Warren
peak shape, which describes 2D correlations:
Ihk = s
[
ζ√
piλ
]1/2
Mhk | FM |2 F (a)
(sin θ)3/2
(2)
Here, s is a scale factor, θ is the scattering angle, ζ is
the 2D correlation length, λ the wavelength, Mhk the
reflection multiplicity, FM the magnetic form factor,
and the function F (a) is given by:
F (a) =
∫ ∞
0
e−(x
2−a)2dx (3)
where (with θB the Bragg angle of the reflection):
a = (2ζ
√
pi/λ)(sin θ − sin θB) (4)
A short Python code was written to refine the correlation
length and scale parameter against the experimental
data. For fits against the E9 data the (001) structural
Bragg peak was manually excluded.
On D7, we operated in diffraction mode (i.e. inte-
grating over all final energies). Using the standard
XYZ method [19], the scattered signal was separated
into magnetic, nuclear, spin incoherent, and combined
nuclear/isotope incoherent components. The data
analysed here represent the average magnetic scattering
cross section (dσ/dΩ)mag. We analysed the data from
D7 using the SpinVert Reverse Monte Carlo code [20].
We assumed Ising anisotropy and the preferred axis was
assumed to lie along the long direction of the Jahn-Teller
distorted MnO6 octahedra. Note that refinements using
Heisenberg spins gave equally good fits, but radically
different spin-spin correlations. These were rejected due
to the large excitation gap we detected in the inelastic
neutron scattering data reported below. The tabulated
j0 form factor for Mn
3+ was used, and a simulation box
of 20 x 20 x 10 unit cells was used with 500 moves per
spin and a weight of 10. Ten independent refinements
were performed sequentially and averaged. The SpinDiff
program was used to simulate experimental single crystal
diffuse scattering [20].
RESULTS AND DISCUSSIONS
Figure two shows an overview of the inelastic response
of CuMnO2 in the paramagnetic phase at 150 K. Two
clear features are seen: 1) A low-Q plume of magnetic
scattering and 2) a phonon mode at ca. 12 meV.
In this work we concentrate on the former, we will
describe the origin of the latter (and its link to c-axis
negative thermal expansion) elsewhere. We have also
superimposed the trajectories of the lowest and highest
FIG. 2: (color online) Overview of the inelastic neutron scat-
tering response of CuMnO2 in the paramagnetic phase at 150
K. Data were collected on IN4c using an incident energy of 68
meV. The dashed lines show the area in S(Q,ω) probed by the
three instruments used here. The inelastic response contains
two main features: 1) A low-Q plume of magnetic scattering
and 2) dispersion-less phonon mode at ca. 12 meV.
angle detectors on E9 and D7, as calculated for our
energy integrated measurements using Eqn. 1. Clearly,
the magnetic signal is only partially captured on E9 at
this temperature, and the overall energy scale is similar
to the Ei=25 meV used in the experiment. As justified
below, the D7 measurements effectively probe only the
(quasi)-static spin-spin correlations in our experiments.
We next examine the magnetic scattering in more detail,
by plotting the IN4c signal integrated over the range
1.25 < Q < 2.25 A˚−1 as shown in Fig. 3. At 150 K, this
could be parameterised by a single damped harmonic
oscillator[21, 22] using the equation below:
S(Q,ω) =
ADHOωΓDHO
(ω2 − ω2DHO) + (ωΓDHO)2
· 1
1− e−~ω/kBT
(5)
Here the amplitude of the mode is given by ADHO,
while the line width is ΓDHO and the position is given
by ω. The second term is the Bose factor, which relates
the ratio of the neutron energy gain and energy loss
intensities to the temperature (kBT ). In addition, we
discovered a significant quasi-elastic broadening of the
elastic line with a Lorentzian line shape. The fit shown
is the result of convoluting these model expressions (and
a Gaussian elastic line) with a Gaussian that represents
the experimental energy resolution. This was determined
by peak fitting an equivalent measurement on vanadium.
At 150 K, the energy of the mode was ω=17.2(1) meV.
Below the magnetic ordering temperature, this features
splits into two distinct spin-wave branches (at ∼13
and ∼23 meV), with a notable excitation gap (Fig.
3 bottom). The latter is consistent with a significant
4FIG. 3: (color online) (top) Fit of the damped oscillator model
(Eqn. 5) to a cut through the elastic line of the IN4c data at
150 K. This model includes a Gaussian resolution function,
a single oscillator and a quasi-elastic Lorentzian component;
(bottom) Fit of the same cut just below TN=65 K. Two os-
cillators are required to describe the data at the temperature.
Error bars are smaller than the points.
single-ion anisotropy. Neutron scattering measurements
with low incident energy (e.g. on D7 with Ei=3.47 meV)
are hence measuring only the (quasi)-elastic signal.
The fate of the anti-Stokes scattering, which extends to
higher energy transfer, is discussed in more detail below.
The results of our D7 experiment at 1.5 K (deep within
the ordered phase) are shown in Fig. 4. We have plotted
the total signal, as well as the nuclear and spin-flip
magnetic components. The principal magnetic Bragg
relections of CuMnO2 are clearly observed over this
Q-range, and our sample can be seen to show both the
principle k1 = (
1¯
2 ,
1
2 ,
1
2 ) and k2 = (
1¯
2 ,
1
2 , 0) wavevectors
previously reported [13]. Peaks originating from the
latter are extremely weak, as expected [13] for near
stoichiometric samples of CuMnO2. Notable by its
absence is any significant trace of a diffuse magnetic
signal accompanying the Bragg peaks. We note that the
kinematic window (Fig. 2) of D7 in this setting is peaked
exactly where the magnetic signal is strongest (∼Q=1.3
A˚−1),as this Q-value is close to 2Θ=90◦. This rules out
static or inelastic disordered correlations with energy
scales of up to Ei=3.47 meV. It is possible that the ”2D
spin liquid” signal previously observed in this region
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FIG. 4: (color online) Results of the D7 XYZ polarised neu-
tron scattering experiment at 1.5 K. The data are plotted as
the total signal, coherent nuclear and spin-flip magnetic parts.
Peaks arising from the secondary k2 = (
1¯
2
, 1
2
, 0) wavevector
are marked with arrows. Note the absence of any significant
diffuse contribution under the magnetic Bragg peaks.
therefore reflects the resolution tails of the magnetic
Bragg reflections [14].
The results of our (energy integrated) E9 powder
diffraction measurements in the paramagnetic phase
are consistent with earlier reports [9, 13, 14]. A strong
asymmetric magnetic feature is seen to persist up to
at least 300 K (already indicative of an energy scale
of ca. 25 meV).This begins to rise around Q=1 A˚−1,
close to where the (001) Bragg reflection is found. Upon
cooling to just above the antiferromagnetic ordering
(Ne´el) temperature, this sharpens and grow in intensity.
We fitted this feature to equation (2) at a range of
temperatures, yielding a 2D correlation length of 20(1)
A˚ at 85 K (Fig. 5a). This parameter showed only
a very weak temperature dependence (not shown) as
reported elsewhere. On the face of it, this is unusual,
and in fact, close examination of the data shows that
the fit is actually fairly poor (Fig. 5a), especially on the
high-Q side of the asymmetric feature, where a linear
fit produces a lower residual. The origin of equation (2)
is Warren’s seminal work [23] on disordered graphitic
carbons. The asymmetric feature is the result of powder
averaging rods of diffuse scattering from two dimensional
order, which gives a well defined lower bound at low-Q
and a long tail at higher-Q. Obviously, for structural
turbostratic disorder, one need not worry about inelastic
effects. However, as discussed above, the quasi-static
condition clearly does not hold for this measurement
(see Fig. 2). The shape of the diffuse signal is thus
distorted, and the assumption of 2D correlations wrong.
Note that this issue is equally important for spallation
neutron time-of-flight diffractometers used for e.g.
mPDF experiments [15], although harder to quantify.
5FIG. 5: (color online) a) Observed magnetic diffuse scattering for CuMnO2 at 85 K using the E9 diffractometer. The (001)
Bragg peak has been manually removed, and the solid line shows the result of fitting the Warren function (Eqn. 2); b) Observed
quasi-elastic spin-flip magnetic neutron scattering signal recorded using D7 at 75 K. The solid line shows the result calculated
using the SpinVert reverse Monte Carlo program; c) Extracted spin-spin correlations as a function of real space extracted from
the fit in panel b). Negative (positive) values represent AFM (FM) correlations and those along the short b-axis direction are
starred; d) Predicted single crystal elastic magnetic diffuse scattering for CuMnO2 at 75K.
At the Q-range where magnetic diffuse scattering is
strongest, the majority of neutrons which contribute
may only have Ei in the range of a few 10’s of meV [24].
We now turn to our D7 measurements [25] in the
paramagnetic regime. Judging by the inelastic data
shown in Fig. 3, these are only sensitive to quasi-elastic
magnetic correlations, and not to the gapped inelastic
signal on the neutron energy loss (Stokes) side. As our
experiment was performed at finite temperature, we
also estimated the possible contribution of anti-Stokes
scattered neutrons. This is necessary due to the different
shape of the kinematic window on the energy gain side,
which potentially accesses neutrons with −10 < ∆E < 0
meV at Q=1.25 A˚−1. However, the population factor
for the energy corresponding to the maximum in the
inelastic signal is only exp−∆E/kBT=0.07 at 75 K.
Furthermore, the efficiency of the D7 detectors drops
markedly with increased neutron energy [17]. The real
space results of our Monte Carlo fitting thus represent
the infinite time spin-spin correlations, G(~r,∞).
The observed spin-flip magnetic scattering for
CuMnO2 at 75 K is shown in Fig. 5b. Also shown is
the calculated fit using the SpinVert program and the
residual. The fit was performed using the parameters
described in the experimental section. The results of
this procedure were used to calculate the real space
spin-spin correlations, < S(0) · S(r) >, as shown in
Fig. 5c as a function of distance. These are large for
strong interactions, and their sign reflects their anti
or ferromagnetic nature. Our key results from this
section are as follows: 1) The strongest correlation
(J1 in Fig. 1) is, unsurprisingly, AFM and between
nearest neighbours (∼2.88 A˚) in the b-direction; 2) The
next-nearest correlation along the b-axis (∼5.76 A˚) is
6strongly FM as expected from the magnetic structure; 3)
correlations between chains (J2 in Fig. 1) are extremely
weak AFM, and hence completely frustrated.
The correlation length of order along the b-axis can
be seen by the further strong AFM correlation at 8.64
A˚. This represents the third-nearest neighbour in this
direction. Based upon these results, we can therefore
conclude with some confidence that CuMnO2 has
largely 1D spin correlations in the paramagnetic phase.
Nearest-neighbour chains along the crystallographic
a-axis are almost independent, although there is a weak
tendency for next-nearest neighbour chains to be coupled
in an AFM manner, as seen by the negative correlation
at 5.57 A˚. Finally, we also calculated the predicted
single crystal magnetic elastic diffuse scattering from our
SpinVert fits. This is shown in Figure 5d, and reveals
sheets of scattering running along the [h0l] directions.
These show a certain degree of corrugation, reflecting
the weaker longer range interactions which couple chains
together.
CONCLUSIONS
In summary, we have performed detailed thermal and
cold neutron scattering experiments on the frustrated
two-dimensional triangular lattice material CuMnO2.
These reveal pronounced inelastic effects even in the
paramagnetic state, which invalidate attempts to analyse
diffuse scattering from thermal diffractometers. Exam-
ination of the quasi-elastic magnetic diffuse scattering
using XYZ polarisation shows that the spin-spin correla-
tions in the paramagnetic state are actually 1D, and not
2D as previously reported [13, 14]. These results remove
inconsistencies between neutron scattering results and
physical property measurements, and establish similari-
ties with related NaMnO2 in the paramagnetic phase.
Our results strongly encourage the growth of single
crystal samples suitable for inelastic neutron scattering.
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